Abstract Dystrophic calcifications often occur after injury, infection, or onset of certain rheumatic diseases. Treatment has been limited to surgical removal following failure of medical therapy. In an attempt to establish a reproducible animal model for dystrophic calcification that permitted the screening of potential interventions, we evaluated cardiotoxin (injury)-induced calcifications in three murine strains at both the cellular and ultrastructural levels. All osteopontin null mice and tumor necrosis factor receptor null mice on a C57B6 background had calcifications at days 3 and 7 after injury compared to 75% of wildtype C57B6 mice. There was no difference in mineral content among calcifications from the three mouse strains.
Dystrophic calcifications occur in soft tissue due to injury, infection, or rheumatic diseases [1] . Dystrophic calcifications differ from metabolic calcinosis, where abnormally elevated calcium and/or phosphate metabolism lead to systemic mineralization in that they are associated with cell death. They differ from ectopic bone formation, such as that seen in fibrous dysplasia ossificans [2] , due to their association with cell death and the failure to form ''bone.'' Despite different underlying pathogeneses, there has not been an effective approach to removing the dystrophic calcifications other than surgical intervention [1] . An animal model of persistent and reproducible dystrophic calcification is needed to facilitate screening potential experimental therapeutics. The most common modes of injury related to models of calcifications in animals are cardiotoxin (CTX) and freeze-thaw damage. CTX induces injury in skeletal muscle through inhibiting Ca/Mg-ATPase in plasma membrane [3] and inducing calcium release by the sarcoplasmic reticulum [4] . Thus, necrosis of myofibrils and mitochondrial damage occur as early as 30 min after injection of CTX [5] . The murine models that have been reported to develop calcifications after injury by CTX include tumor necrosis factor (TNF)-a receptor double-knockout mice (p55 -/-p75 -/-) [6] , fibroblast growth factor receptor 4 (FGFR4) null mice [7] , and, as reported here, osteopontin (OPN) knockout mice. OPN is an inhibitor of soft tissue calcification [8] . Therefore, we hypothesized that the deposits would be more persistent in the OPN null animals. Other injuries, such as freeze-thaw injury directed to the myocardium, are reported to induce dystrophic cardiac calcification in a few rodent strains [9] .
On the basis of prior reports, we selected two murine models and their background wild-type (WT) strain (C57B6) for further investigation of the properties of the dystrophic deposits-OPN null and TNFR null mice. We asked the following questions: (1) What is the composition of the deposit? (2) Does the calcification persist? (3) If the animal model calcifications do not persist, what factors were associated with the deposit and how was its removal facilitated? (4) In what cellular structure does the calcification start; i.e., is the calcium deposition associated with collagen, as it is in bone?
Materials and Methods

Animals
All animal studies were approved by the Institutional Animal Care and Use Committee (2005-42) at Children's Memorial Hospital. TNF-a receptor p55
-/-mice (B6;129S-Tnfrsf1a  tm1Imx Tnfrsf1b tm1Imx/J ,TNFR double null mice), OPN null mice (B6.129S6[Cg]-Spp1tm1Blh/J), and WT control C57BL/6 J mice were purchased from Jackson Laboratory (Bar Harbor, ME) and used for breeding. Both OPN null mice and TNFR double null mice were back-crossed with B6 mice for over five generations to ensure a similar genetic background. Animals were housed in groups (two to six per cage), unless they were mating, with a 12-h dark/12-h light cycle. All animals were fed with standard rodent chow (Nestlé Purina PetCare, St. Louis, MO) after weaning.
Mice from each strain were injected with CTX (0.5 lM at 50 ll) into the tibialis anterior at 4 weeks of age to induce calcifications. Injected muscles were collected for micro-computed tomography (micro-CT), Fourier transform infrared imaging (FTIRI), and histology at 3, 7, 14, and 28 days postinjury (n = 4-5 for each time point per mouse strain). In a limited number of cases, the tissues were also analyzed at 56 days. The uninjected contralateral muscle was also collected to serve as control. A separate set of specimens were collected at baseline and at 1, 2, and 3 days postinjury for transmission electron microscopic (TEM) analysis (n = 2-3 for each time point per mouse strain). Muscles were fixed in 4% paraformaldehyde (pH 7.0) overnight and stored in saline before analysis.
Micro-CT
CTX-injected and contralateral control muscles were fixed in 70% ethanol and scanned by quantitative micro-CT (SkyScan 1174; SkyScan, Kontich, Belgium), which provided a threedimensional representation of mineralized tissue. Specimens were scanned at 50 V and 800 lA. Isotropic voxel size was approximately 15 lm. Specimen-specific thresholds were determined by first selecting a volume of interest and identifying the threshold that differentiated the mineralized tissue from the background and soft tissue. Individual projections to CT volume data were reconstructed with Nrecon software (SkyScan). Reconstructed scans were analyzed using Ctan software (SkyScan). Volume was calculated as millimeters cubed per muscle.
FTIRI
Aliquots of fixed tissue from the calcifications were embedded in Spurr (Electron Microscopy Sciences, Hatfield, PA; Low Viscosity Embedding kit, by Dr. Spurr). Sections of the embedded tissue were cut at 2-3 lm thickness and examined by infrared imaging spectroscopy using a Perkin-Elmer (Shelton, CT) Spotlight infrared imaging system. Areas with visible mineralized tissue were scanned with special resolution 6.25 lm and spectral resolution 8 cm -1 . Interference from the embedding medium was subtracted from the spectra using ISYS software (Spectral Dimensions, Olney, MD). This same software was used to calculate spectral parameters, which included mineral/matrix ratio, collagen maturity, mineral crystallinity, and carbonate/phosphate ratio, as detailed elsewhere [10] . Images were displayed using the same color scale for each parameter, unless the values in the sample were more than five times those in the control.
TEM Analyses of Mineral
Samples collected in freshly prepared 4% formaldehyde were further dehydrated in increasing alcohol content and embedded in Spurr's resin, which is miscible with alcohol. Thin sections, 50-80 nm thick, were collected on pH 8-9 deionized water containing two drops of bromthymol blue indicator, using an ultramicrotome with a diamond knife (Ultracut; Reichert, Depew, NY). The use of alkaline water prevented hydroxyapatite dissolution. Sections were placed on copper (no supporting film) or stainless steel (formvar-coated) grids. For crystallite analysis, unstained sections were viewed at 50,000-100,000 magnification on a TEM (CM-12; Philips, Eindhoven, the Netherlands) at 80-100 kV, accelerating voltage. Mineral crystals were viewed while tilting the specimen stage through 20° [11] or by dark field imaging [12] . Using a combination of these methods often permitted us to determine whether we were observing single crystals or a cluster of crystallites. In the dark field mode, by using the 002 diffraction line from the selected area diffraction and reducing the aperture size, we could measure highly reflective individual crystallites. For cellular morphology, thin sections of formaldehydefixed tissues were collected on copper grids, stained with alcoholic uranyl acetate and aqueous lead citrate, and reviewed; and selected areas were photographed.
Histology
Samples embedded in paraffin, after fixation in formalin, were sectioned at 10 lm thickness. Alizarin red staining was used to confirm the presence of calcium. Tissue sections were deparaffinized before antigen retrieval (citrate buffer) for immunohistochemical staining with the following antibodies: bone, anti-mouse osteocalcin (AbD Serotec, Raleigh, NC), anti-mouse osterix (Abcam, Cambridge, MA), anti-mouse alkaline phosphatase (R&D Systems, Minneapolis, MN); mineral inhibitor anti-matrix gla protein (MGP) (Proteintech Group, Chicago, IL); and apoptotic marker anti-mouse poly (ADP-ribose) polymerase (PARP) (Promega, Madison, WI), with diaminobenzidine reagent kits (Vector Laboratories, Burlingame, CA) following protocols previously published [13] . Images of stained muscle sections were acquired using computer software (Openlab 4.04; Improvision, Lexington, MA) and a microscope (DMR-HC; Leica Microsystems, Wetzlar, Germany) coupled to a charge-coupled device camera (Photometric CoolSNAP; Roper Scientific, Tucson, AZ), then edited using digital imaging software (Photoshop CS2; Adobe Systems, San Jose, CA).
Tartrate-Resistant Acid Phosphatase Staining
Tissues for tartrate-resistant acid phosphatase (TRAP) staining were embedded in optimal cutting temperature (OCT) and snap-frozen in liquid nitrogen before storing in -80°C for sectioning. TRAP staining for identification of osteoclasts and macrophages was performed as previously described [14] . In brief, TRAP reaction solution was prepared by mixing 5 mg naphthol AS-MX phosphate dissolved in 0.5 ml N,N-dimethylformamide with 50 ml 0.1 M Na-acetate buffer containing 50 mM Na tartrate (pH 5.0) along with 30 mg fast violet LB salt. Tissue sections were incubated with TRAP reaction solution overnight before being counterstained with hematoxylin.
Data Analysis
Images of serial sections stained for each marker were examined by two independent observers blinded to the nature of the treatment and the mouse background. Positive staining was defined as areas of brown (or purple for TRAP) comparable to positive control slides. The presence or absence of each marker was recorded and graded as 0 (none), 1 (sporadically positive), 2 (moderately positive), or 3 (positive in most areas). The mean value of each marker among three mouse strains, the mineral volume among three mouse strains at each time point, and the FTIRI parameters including matrix/mineral ratios among the three mouse strains at 7 days post-CTX were compared using ANOVA followed by the least significant difference test, with P \ 0.05 accepted as significant. Due to the small sample size (n = 4 in most cases), we used the most sensitive pair comparison test to identify the difference. SPSS 14.0 (SPSS, Inc., Chicago, IL) was used to perform all statistical analyses.
Results
All groups of mice showed evidence of calcification in the injected site at early time points. There was no detectable calcification in the noninjected muscles at any time point in any mouse strain.
The Composition of the Deposits: Mineral FTIRI analysis showed that deposits had spectra characteristic of poorly crystalline hydroxyapatite (Fig. 1) , as is seen in mouse bone, only the dystrophic deposits were more punctate, had areas of mineral/matrix ratio appreciably higher than bone, and had crystallinity and carbonate/phosphate values comparable to normal rodent bone [15] [16] [17] .
Tissues from the CTX-injected side and contralateral side (control) were analyzed by FTIRI for mineral/matrix ratio. In some C57B6 mice, injured muscles (day 3 or 7) had a similarly high ratio (*59), while the maximal ratio was lower in OPN null mice (*31) and in TNFR null mice (*6) ( Fig. 1) . At day 7, CTX-induced calcifications in all three mouse strains had similar mineral/ matrix ratio, carbonate/phosphate ratio, and collagen maturity except that calcifications in OPN null mice had lower crystallinity than those in the other two strains (Table 1) . Furthermore, with time, the deposits seemed to coalesce, with the highest mineral/matrix ratio in the center of small punctate deposits (Fig. 1, OPN null  mice) . To determine whether repeated injury would increase the volume and mineral/matrix ratio of the deposits, TNFR null mice received weekly CTX injection into the tibialis anterior two or three times before being killed. At days 7 and 14, the volume of the calcifications was not increased, nor was the mineral/matrix ratio of these deposits higher.
The Composition of the Deposits: The Matrix All injured muscle showed the presence of collagen, which is a muscle component. In injured mouse muscles, osteocalcin, osterix, and alkaline phosphatase were expressed in mineralized deposits, regardless of strain, at day 7 (Fig. 2) . The expression of these markers was primarily located within mineralized areas, while some vascular endothelial cells and muscle fibers were positive for osterix. Staining with the appropriate antibody isotype control showed absence of nonspecific staining for tested tissues. The mineralization inhibitor MGP and the apoptotic marker PARP were present in all deposits obtained from the three mouse strains (Fig. 3) , and there was no observable difference among them ( Table 2 ).
The Transient Nature of the Deposits Based on micro-CT, calcifications were identified in 75% of C57B6 mice and 100% of TNFR and OPN null mice at day 3. As shown in Fig. 4 , the mineral volume was significantly higher in TNFR null mice than C57B6 mice at day 3. Within each strain, the mineral volume peaked at day 7 and then decreased at days 14 and 28. At day 14, Fig. 1 FTIR images of CTX-injured mouse muscles. In each image white indicates the highest mineral/matrix ratio and black, the lowest mineral/matrix ratio. Gray scales are different among images Table 1 Comparison of mineral/matrix ratio (M/M), carbonate/phosphate ratio, collagen maturity, and crystallinity in CTX-induced calcifications among C57B6 (WT) mice, TNFR double null mice, and OPN null mice at day 7 postinjection Values are means ± SD. There was no difference among the three strains except that the crystallinity was significantly higher in C57B6 mice and TNFR null mice than in OPN null mice (* P \ 0.05) there was significantly higher mineral volume in OPN null mice than in the other two strains. At day 28, there was slightly more calcification in muscles from OPN null mice than in those from the two other strains. At an extended time point, 56 days, there was little calcification detectable in the muscle of the injected OPN null mice (data not shown), indicating that in all three murine strains CTXinduced calcification is transient in nature.
How Are the Deposits Removed?
TRAP was present near the site of mineralization in all three strains (Fig. 3) , and its expression gradually increased from day 3 to day 7 and stabilized at day 14 (data not shown). Among the three mouse strains, C57B6 mice and OPN null mice muscle appeared to show lower expression of TRAP than TNFR null mice on day 7.
In What Cellular Structure Does the Calcification Start?
Injured muscles from the three mouse strains collected at baseline and at days 1, 2, and 3 were analyzed by TEM. Calcific nodules (dark deposits) were observed in mitochondria from all strains as early as day 1 in TNFR null mice and day 2 in OPN null mice and in C57B6 mice (Fig. 5) . The skeletal muscle structure was obliterated after CTX injection. Swollen mitochondria were aggregated, exhibiting a range of sizes, while nonstructured calcific deposits were present. Starting from day 3, remnants of mineral deposits in macrophages migrating into the necrotic area suggested that macrophages participated in the phagocytosis of the mineral. Unlike bone, where mineral is directly deposited oriented upon a type I collagen, mouse muscle calcified deposits did not display an association of mineral with fibrillar collagen. 
Discussion
This is the first report comparing injury-based murine models of CTX-induced calcifications from several points of view: the properties of the mineral, the ultrastructural morphology, and the presence of markers of bone formation and resorption. These models provide new insights into possible calcification mechanisms and potential therapeutic approaches. While it has long been known that during dystrophic calcification the death of the cell leads to a release of catabolic enzymes and calcium, detailed knowledge of the mechanism of the formation and development of dystrophic calcifications is still limited. An animal model that even approximated the dystrophic Fig. 3 Immunohistochemistry of cell death marker PARP (brown), mineral deposition inhibitor MGP, osteoclast marker TRAP (purple), and alizarin red identification of mineral (red) in CTX-injured mouse muscles at day 7. Insets are images from negative isotype controls calcifications seen in human diseases, such as old injection sites [18] and juvenile dermatomyositis [19, 20] , would be useful to effectively screen potential medical interventions. Compared with WT C57B6 mice, the TNFR null mice and OPN null mice were more likely to develop calcification after an injury to skeletal muscle. However, although the mineral deposits were present at early stages (days 3 and 7), they were significantly smaller by day 14 and entirely disappeared at day 28 (C57B6 mice and TNFR null mice) or day 56 (OPN null mice). This transient nature of CTX-induced calcification has not been previously reported, partly because most studies [6, 7] did not involve the longer period of observation used in the present study. More importantly, these data, when compared to those seen in WT mice, provide insight into the resorption of the deposits in the mutants.
In mice, osteoclast-like cells were involved in resorbing the muscle calcific deposits, as evidenced by TRAP staining. There were no osteoclasts present in control mouse tissue or noncalcified tissue (i.e., 28 days post-CTX injection in WT mice). This observation raised the consideration that osteoclasts differentiated or were attracted to the deposited mineral once it appeared. The osteoclast resorptive activity, although present as early as day 3, did Table 2 Comparison of presence of bone markers alkaline phosphatase (ALP), osteocalcin, and osterix; mineral deposition inhibitor MGP; cell death marker PARP; and osteoclast marker TRAP in CTX-induced calcifications among C57B6 (WT) mice, TNFR double null mice, and OPN null mice at day 7 postinjection There was no significant difference in the expression of any of the markers among the three mouse strains (P \ 0.05) Fig. 4 Temporal change of mineral volume as determined by micro-CT analyses in each strain of mice. * Significant difference between TNFR null mice and C57B6 mice. # OPN null mice had significantly higher mineral volume than TNFR null mice and C57B6 mice Fig. 5 TEM images of CTX-injected mouse muscles. There was electron-dense mineral scattered throughout the mitochondria a in C57B6 mice on day 2, b in TNFR null mice on day 1, and c in OPN null mice on day 2. d A decalcified sample of CTX-injected C57B6 mice on day 2 showed the absence of collagen not appear to match the extent of mineral deposition. The increased osteoclast activity after day 7 may have accounted for the resolution of minerals in WT mice, TNFR null mice, and OPN null mice; but there also may have been a corresponding reduction in the stimulus for mineral deposition as the inflammatory injury diminished. We further speculate that in normal WT mice and TNFR null mice the deposits disappeared more rapidly because chemotactic OPN was present. OPN null mice had the slowest rate of resolving calcifications, possibly because, in the absence of OPN, macrophage adhesion and activation were impaired [21] . Chemotaxis of OPN-null macrophages to monocyte chemoattractant protein-1 (MCP-1) can be abrogated and rescued by an OPN substratum or by addition of high levels of OPN in solution [22] . Osteoclasts bind to a variety of extracellular matrix proteins, including vitronectin, OPN, and bone sialoprotein through the a v b 3 integrin [23] .
OPN is known to be an inhibitor of calcification [24] . Therefore, the absence of OPN in OPN null mice may have partially facilitated the growth of calcification and delayed subsequent resolution of calcification. Although the calcific deposits in OPN null mice were transient, the depositloading period was long enough ([14 days) to allow testing potential therapeutic interventions.
A key difference between the dystrophic calcifications and bone is the high mineral/matrix ratio observed by FTIRI (*60 compared with *6 for bone). Although TNFR null mice developed volumetrically larger calcifications than WT mice and OPN null mice, their mineral/ matrix ratio was similar to that of the other two strains. The mineral deposits in C57B6 mice and OPN null mice tended to be more punctate. Calcifications from OPN null mice had the smallest crystallinity. There was no apparent association between mineral volume and mineral/matrix ratio. Other modifiers, such as repeated injections of CTX and injection into fat tissue (foot pads), did not alter either the mineral/matrix ratio or the mineral volume in TNFR null mice. Zhao et al. [7] reported that FGFR4 null mice also developed calcifications with modestly elevated mineral/matrix ratio after CTX injection.
Other ectopic calcifications (i.e., end-stage atherosclerotic plaques) are also associated with markers of bone formation [25] . However, in contrast to atherosclerosis, our results revealed that in CTX-induced mouse calcifications there was little bone-like formation, as evidenced by the lack of association of mineral with type I collagen in mineral deposits and the absence of bone-like trabeculae. This lack of association between mineral and collagen was also found in calcifications from children with juvenile dermatomyositis [26] . The presence of ''osteoblast markers'' osteocalcin, osterix, and alkaline phosphatase may be due to the known affinity of these proteins for the mineral in the deposits; or alternatively, osteoblast-like cells might be involved in the process. However, the absence of trabecular bone structures in injury-induced calcifications in our animal models indicated a misregulated mineralization. Cell death, as shown by PARP staining and TEM, was present in CTX-injected mouse muscles. From the time course study with TEM, disintegration of muscle fibers occurred on day 1 in all three strains. However, there were no mineral deposits in muscles of C57B6 mice or OPN null mice until day 2. In contrast, TNFR null mice developed calcification as early as day 1. These results suggested that cell death may have preceded mineralization. During the mineral resolution phase (days 7-28) associated with lower mineral volume, cell death in CTX-injected mouse muscle was much less pronounced than at the earlier stage.
Cell death mediated through mitochondrial injury may be a common mechanism in the initiation of calcification in our mouse models. Using TEM analysis, early mineral deposits were observed in the mitochondria of TNFR null mice, OPN null mice, and WT C57B6 mice at days 1 and 2, respectively. It has been reported that necrosis of myofibrils and mitochondrial damage occur as early as 30 minutes after injection of CTX [5] . The mechanism was thought to be related to the contracture injury [27] induced by the accumulation of calcium in sarcolemmal membrane vesicles with the action of CTX on Ca 2? /Mg 2? -ATPase [28] . Thus, accumulated calcium may precipitate with phosphate in compromised mitochondria, which is also observed in untreated muscle from children with active juvenile dermatomyositis (Pachman, personal communication). It is not clear, however, whether the mitochondrial deposits precede the altered function or cause it.
The limitations of the current study include the small sample size in each experiment, our inability to track the longitudinal change of calcifications in the same animal without access to in vivo micro-CT, semiquantitative results based on immunostaining, and the fact that we tested only young female mice.
Conclusion
CTX-induced calcifications in OPN null mice and C57B6 mice may provide a useful model for the study of the evolution of dystrophic calcifications. Cell death and mitochondrial calcifications accounted for, at least partially, mineralization in injured skeletal muscles from all three strains of mice.
